Various tissues from the mouse, rat and guinea-pig were used to examine the binding of a biologically active, esterified and 125I-labelled porcine relaxin. Binding to mouse symphysial homogenates was time-and temperature-dependent. Other peptide hormones did not compete with relaxin for binding. Mouse uterine tissue displayed similar binding characteristics. Fractionated mammary tissue from 15and 20-day-pregnant rats exhibited significant relaxin binding activity, as did homogenates of the guinea-pig pubic symphysis and cervix. Under the conditions used, no relaxin receptors were noted in the liver, spleen or heart from any of the species investigated.
Introduction
The polypeptide hormones which have been shown to bind to various target tissue preparations are insulin (Cuatrecasas, 1971) , ACTH (Lefkowitz, Roth, Pricer & Pastan, 1970) , gonadotrophins (Catt, Dufau & Tsuruhara, 1972; Kammerman, Canfield, Kolera & Channing, 1972) , epidermal growth factor (O'Keefe, Hollenberg & Cuatrecasas, 1974) and prolactin (Shiu, Kelly & Friesen, 1973) . The characterization of specific binding sites has been demonstrated by showing that an iodinated and biologically-active hormone which is bound to a tissue preparation can be displaced by physiological amounts of the native hormone but not by unrelated hormones. Relaxin is an ovarian peptide hormone which acts on target tissues such as the interpubic ligament of the oestro¬ gen-primed mouse (Steinetz et al., 1960) , the oestrogen-primed rat uterus (Wiquist & Paul, 1958) and the pregnant rat mammary gland (Harness & Anderson, 1975) . The present study of the sites of action of relaxin in these tissues is a detailed survey involving the use of a highly purified porcine relaxin.
Materials and Methods
Hormones. Relaxin was purified from fresh frozen pregnant sow ovaries (Farmer John & Co., Los Angeles, California, U.S.A.) by the method of Sherwood & O'Byrne (1974) . The resulting prepara¬ tion yielded three relaxins, CM-B, CM-a and CM-a' : CM-a' was used throughout this study and will be referred to as relaxin. Porcine insulin and porcine glucagon were generously provided by Eli Lilly Pharmaceutical Co., Indianapolis, U.S.A. Human FSH (LER No. 907) was kindly provided by the National Pituitary Agency. Epidermal growth factor (EGF) was prepared by the method of Savage & Cohen (1972) and was a gift from Mr J. Baker, Department of Biochemistry, University of Hawaii.
Bioassay of relaxin and succinylated relaxin. The mouse interpubic ligament bioassay (Steinetz et al., 1960) was used for the potency determinations of the purified relaxin preparation and of succinylated relaxin. CM-B, CM-a, and CM-a' were respectively 3-65, 4-85, and 3-97 times more potent than the NIH-R-P1 preparation (442 guinea-pig units/mg). Succinylation was carried out as described below for the ¡odination of relaxin except that the succinylated relaxin was not exposed to Na125I, chloramine T, and sodium metabisulphite. The results of the assays were evaluated for parallelism by statistical methods as described by Bliss (1952) .
Iodination. Because porcine relaxin contains no tyrosine (Sherwood & O'Byrne, 1974) , the iodination method of Bolton & Hunter (1973) was used with the following modifications. Crystalline N-hydroxy-succinimide ester (1 µg) (Fluka Chemical Co., Buchs, Switzerland) was dissolved in 20 µ redistilled benzene and dried under vacuum. To this was added 25 µg relaxin dissolved in 20 µ 0-1 M-sodium borate buffer, pH 8-5. After mixing for 15 min at 0°C 1-2 mCi Na125I (Amersham-Searle, Chicago, Illinois, U.S.A.) were added, followed immediately by 100 µ chloramine dissolved in 20 µ 0-25 µ-sodium phosphate buffer, pH 7-5. After reaction for 15-20 sec, 240 µg sodium meta¬ bisulphite (20 µ in 0-05 M-sodium phosphate buffer, pH 7-5) and 100 µg potassium iodide solution in 0-05 M-sodium phosphate buffer, pH 7-5, were added. 125I-labelled succinylated relaxin was separated from unreacted succinimide ester and from free 125I by passage through a 2 g Sephadex G-25 column which was presaturated with 005% gelatin in 005 M-sodium phosphate buffer, pH 7-5. Highly purified relaxin was labelled with 125I to specific activities of 45-60 µ /µ% by using the above pro¬ cedure. Iodination damage, as determined by paper chromato-electrophoresis (Berson, Yalow, Baumann, Rothschild & Newerly, 1956) , was mostly <15%.
Tissue homogenates
Mouse pubic symphysis. Immature female mice (18-20 g) were treated subcutaneously with 5 µg oestradiol cyclopentylpropionate (K & Chemicals, Plainview, New York, U.S.A.) as des¬ cribed by Steinetz et al. (1960) . On Day 7 the pubic symphyses were removed, dissected free of fascia and pooled. To facilitate homogenization the tissue was incubated in 1 % collagenase (Sigma Chemical Co., St Louis, Missouri, U.S.A.) for 30 min at 37°C, followed by two rinsings with 0-3 M-sucrose. Homogenization in a glass homogenizer was carried out in 0-3 M-sucrose at a 1:4 (w/v) ratio. The homogenate was centrifuged at 2000 g, the supernatant was decanted and the precipitate was resuspended in an equal volume of Tris-MgS04 buffer (25 mM-Tris-HCl, 5 mM-MgS04), pH 7-5. Control tissues (heart, spleen and liver) were handled similarly except that the incubation step with collagenase was omitted.
Rat mammary gland. Mammary tissue was removed from pregnant rats at 5, 10, 15 or 20 days post coitum or from lactating rats at Days 5 and 10 after parturition, rinsed and homogenized (1:10 w/v) in ice-cold 0-3 M-sucrose. The homogenate was filtered through cheesecloth and centri¬ fuged at 1500 g for 20 min. The supernatant was centrifuged at 15 000 g for 20 min and then at 100 000 g for 90 min in an L3-40 ultracentrifuge. The resulting precipitate was resuspended in an equal volume of Tris-MgS04 buffer (25 mM-Tris-HCl, 5 mM-MgS04) pH 7-5. Heart, spleen and liver homogenates were fractionated in the same fashion.
Aliquots ofthe mammary gland 100 000 g fraction and of the interpubic ligament homogenate were solubilized with lN-NaOH and the protein concentration was determined by the method of Lowry, Rosebrough, Farr & Randall (1951) by using bovine serum albumin as standard. The tissue prepara¬ tions were stored at 4°C until assayed approximately 12 h later.
Binding studies Tissue homogenates. 125I-labelled relaxin (1 ng/ml) was incubated with either 100 µ interpubic ligament homogenate (2-5 mg protein) or 100 µ of the mammary gland 100 000 g fraction (485 µg protein) and 400 µg BSA in Tris-MgS04 buffer (25 mM-Tris-HCl, 5 mM-MgS04), pH 7-5, made up to a total volume of 400 µ . The assays were conducted in duplicate or triplicate at 4, 22 or 37°C. Simultaneous incubations were run in the presence of excess unlabelled relaxin (5 µg) to determine non-specific binding. Bound and free 125I-labelIed hormone were separated by centrifugation at 1000 g for 15 min. The specific binding of 125I-labelled relaxin was obtained by subtracting from total binding the amount of labelled hormone bound in the presence of high concentrations of unlabelled hormone.
Uterine segments. These were obtained from the oestrogen-primed mice from which the pubic symphyses were removed or from mature rats which had been given an injection of 5 µg oestradiol cyclopentylpropionate 24 h earlier. For the studies of relaxin uptake, three 5 mg segments were placed in each 25 ml flask containing Krebs-Ringer bicarbonate buffer (0155 M-NaCl, 0154 M-KC1, 0-154 m-KH2P04, 0154 M-MgS04 and 1-3% NaHC03), pH 7-5, with 0-2% glucose, and gassed with 95 % 02 + 5 % C02. Labelled relaxin (1 ng/ml) was added to the flasks and incubated at 4,22 or 37°C for 5, 50, 100 and 250 min. Parallel incubations were performed with excess unlabelled relaxin (12-5 µg) in the flasks. After incubation the segments were removed, washed twice in cold Krebs-Ringer bicarbonate, blotted and weighed. Radioactivity uptake was expressed in terms of c.p.m./mg tissue as a percentage of the total radioactivity in the incubation medium. Portions (5 mg) of heart, liver and spleen were processed similarly.
Results
The results of the mouse interpubic ligament bioassay of CM-a' relaxin and succinylated relaxin are shown in Table 1 . At all dosages, treated animals had significantly longer (P<0-01, Students t test, Steel & Torrie, 1960) 1 igaments than did the controls. There was no loss of biological potency when relaxin was succinylated, but it is possible that the activity of the iodinated and suc¬ cinylated relaxin might have been affected. Pubic symphysis tissue. The total binding of iodinated porcine relaxin to a mouse pubic symphysial homogenate was dependent on the time and temperature of incubation (Text- fig. 1 ). At 37°C, equilibrium was reached within 60 min, and there was no further change of binding during an additional 3 h incubation. Non-specific binding at each temperature was minimal (<3 %). There was no binding of iodinated relaxin in the spleen, liver and heart tissue homogenates.
The binding ability of symphysial homogenates from untreated mice and those treated with oestrogen was tested as shown in Table 2 . Maximal binding was observed after 60 min and there was no statistical difference between the homogenates at any of the incubation times tested, or when unlabelled relaxin was added. In the conditions for maximal binding (60-min incubation at 37°C) the displacement of labelled relaxin (1 ng/ml) by unlabelled relaxin was examined in hormone concentrations from 1 to 10 000 ng/ml. Unlabelled relaxin at a level of 1 ng/ml reduced the specific binding of 125I-labelled relaxin by 16%. Porcine insulin and glucagon, human FSH and epidermal growth factor all displayed minimal competition (<2%) at all concentrations tested (Text- fig. 2 ). Uterine tissues. The results of the assays with mouse and rat uterine segments are shown in Table   3 . For both species, the binding pattern was similar, being minimal at 4°C and maximal at 37°C. In mouse segments incubated at 37°C, there was decreased binding at 250 min and this was apparently due to metabolism or degradation of the labelled hormone because the analysis of eluates of incubation media on a G-25 Sephadex column showed that 85% of the radioactivity was free 125I or fragmented radioiodinated relaxin. The specific binding of 125I-labelled relaxin to mouse and rat uterine tissues is shown in Table 4 . At low hormone concentrations, unlabelled relaxin was less effective in displacing the radiolabelled hormone in the rat than in the mouse uterine segments. No specific binding was observed in the control tissues examined (spleen, liver and heart), and there was no competition by porcine insulin or epidermal growth factor for binding sites at the hormone concentrations tested (Table 4) .
Mammary gland tissues. The incubation results with various tissues are shown in Table 5 . Binding was obtained only with the 100 000 g fractions: the 1500 g and 15 000 g fractions were tested for all the mammary gland preparations but they had no relaxin-binding activity. Relaxin binding sites were undetectable early in pregnancy and lactation (Days 5 and 10; data not shown). The binding was greatest to tissues from late pregnant rats, and was time-and temperature-dependent. Maximal specific binding was attained after incubation for 60 min at 22°C. A similar pattern of binding activity was found for homogenates of the pubic symphysis and cervices from 2 guinea pigs (Table   5 ). Values are means ±s.e.m. of duplicate determinations. * A 100 000 g fraction was prepared as described in 'Materials and Methods.' Binding material was equivalent to 485 µg protein/tube. t Homogenates were prepared from tissues of 2 normal, virgin guinea-pigs in 0-3 M-sucrose (1:4 w/v), filtered, and then centrifuged at 700 g. The precipitate was resuspended in an equal volume of Tris-MgS04 buffer (25 mM-Tris-HCl, 5 mM-MgS04, pH 7-5). An aliquot (200 µ ) was determined to be equivalent to 1-2 mg protein. Binding conditions and procedure were described in 'Materials and Methods' for mammary gland preparations.
Discussion
In the present study we have shown that those target tissues used for the biological assay and expression of relaxin in vivo also demonstrate binding of 125I-labelled relaxin in vitro.
The relaxin preparation used (CM-a') probably contained a mixture of labelled and unlabelled material. However, we have shown that succinylated relaxin has full biological potency. The specific activities of the labelled relaxin used were low by comparison with those in other studies, for example of insulin, a hormone of similar size and structure (Podskalny, Chou & Rechler, 1973) . The low specific activity would tend to minimize any damage to the relaxin molecule. It would cause a signi¬ ficant amount of unlabelled relaxin to be present in the preparation used for the binding studies, thereby reducing the maximum binding of the labelled peptide. In spite of this, the maximum binding is well within the range reported for other hormones and their target cells (Gavin, Roth, Jen & Freychet, 1972) .
The present results show that mouse pubic symphysial homogenates bind 125I-labeIled relaxin according to the accepted criteria for defining peptide hormone receptors: specificity, time and temperature dependency, equilibrium analysis, and target organ specificity (Ryan & Lee, 1976) . Spleen, liver and heart are not target tissues for relaxin in vivo and none of these organs bound the labelled relaxin in vitro. Moreover, none of the other hormones tested competed with 125I-labelled relaxin binding and unlabelled relaxin inhibited the binding of labelled relaxin. Calculations based on Text- fig. 2 show that half-maximal binding is approximately 10 ng/ml. From a mol. wt of 6500 for relaxin, this gives an affinity constant (Ka) of 10~9 m which compares with those for other hormones, eg. LH, Ka = 10-11 to 10~9 m (Ryan & Lee, 1976) , and insulin which has a Ka value of 10~10 m (Hollenberg & Cuatrecasas, 1975) .
Oestrogen priming has been shown to be necessary before relaxin will exert a maximal effect on the pubic symphysis or other tissues in vivo (Hall, 1960) . It is uncertain why oestrogen priming of the mice in the present study had no effect on relaxin binding to symphysial homogenates in vitro. The timing of the oestrogen treatment may be critical and a maximal effect on the numbers of receptors might have occurred earlier than the time of death of the animals, a possibility substantiated by the observation that tissue receptors undergo modulation (Posner, Kelly, Shiu & Friesen, 1974) .
The mechanism of action of relaxin in the mouse interpubic ligament bioassay and the rat or mouse uterine relaxing factor assay is remarkably different. Although in the former the relaxin in vivo requires 12-24 h for maximal effect, in the latter the effect in vitro upon the oestrogen-dominated uterus occurs within minutes. It may be that relaxin, like oxytocin, has specific myometrial recep¬ tors (Soloff & Swartz, 1974) . Although the effect of oxytocin on relaxin binding was not evaluated it is unlikely they share a common binding site since the relaxin-dominated uterus will respond to oxytocin (Sawyer, Frieden & Martin, 1953) . The absence of 125I-labelled relaxin binding to uterine homogenates compared to the observed binding with uterine segments is difficult to explain. Unlike the mouse pubic symphysial homogenates, the uterine homogenates were not exposed to collagenase, and this could be a necessary step for uncovering relaxin receptor sites. It is also possible that the method of homogenization employed was too vigorous and destroyed the receptors.
The rat ovary synthesizes relaxin from Day 17 of pregnancy to term (Anderson, Lang & Hayashida, 1975) , and plasma relaxin levels are maximal on Day 20 of pregnancy (O'Byrne & Steinetz, 1976) . Our results with the mammary gland preparations indicate that the receptors in the developing mammary tissue are undetectable before the secretion of endogenous relaxin. Relaxin may induce the formation of its own receptors, as has been shown for prolactin (Posner, 1976 ) and growth hormone (Lesniak & Roth, 1976) .
The preliminary observation that an homogenate of the guinea pig pubic symphysis binds 125Ilabelled relaxin is not surprising in view of the fact that the symphysial response in this species has long been used as a bioassay for relaxin (Hall, 1960) . Oestrogen priming was not necessary, and accords with the report that relaxin will inhibit myometrial contractions in the nonpregnant guinea-pig which has not been treated with oestrogen (Porter, 1971) . The binding of the iodinated relaxin to an homogenate of guinea-pig cervix was not expected, although relaxin is known to affect the cervix in other species (Hall, 1960) . Binding of a hormone to a tissue does not necessarily indicate a biological response, but it seems likely that relaxin might affect the tensile strength of the guinea-pig cervix as in other animals.
The present experiments with tissue homogenates, membrane fractions and tissue segments have shown that the various biological effects of relaxin are mediated via specific receptors for the hormone.
